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Abstract 
The independent effect of nanotube surface chemistry and structure on the flow of 
water under nanoscale confinement is demonstrated in this paper for the first time via 
the synthesis of novel carbon nitride nanotube (CNNT) membranes. Using a 
combination of experiments and high-fidelity molecular dynamics (MD) simulations, 
it is here shown that the hydrophilisation of the sp2 carbon structure, induced by the 
presence of the C-N bonds, decreases the pure water permeance in CNNTs when 
compared with pristine and turbostratic carbon nanotubes (CNTs). The MD 
simulations are based on a model true to the chemical structure of the synthesized 
nanotubes, and built from material spectroscopy measurements and calibrated 
potentials using droplet experiments. The effect on permeance is explained in terms of 
solid-liquid interactions at the nanotube wall with increased water viscosity and 
decreased surface diffusion near the CNNT wall, when compared to CNTs. A model 
directly linking the solid-liquid interactions to the water permeance is presented, 
showing good agreement with both experiments and MD simulations. This work 
opens the way to tailoring surface chemistry and structure inside nanotube 
membranes for a wide range of transport and separation processes.  
 
Keywords: Carbon nitride nanotubes; Permeance; Anodic alumina membrane; 
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The high water flow enhancement observed in carbon nanotubes (CNTs)1 has, over 
the years, been attributed to a variety of causes,2-3 from confinement effects at the 
nanoscale to the nature of the physical and chemical interactions between the liquid 
and the tubes’ wall, to more questionable explanations such as air gaps or depletion 
layers at the interface between the two. As nanotubes, and now 2D materials, are 
incorporated in mixed matrix membranes or fabricated as stand-alone membranes, 
elucidating the origin of the flow enhancement phenomenon remains crucial to tailor 
the materials for specific applications, ranging from seawater desalination4 to removal 
of pollutants in nanofiltration.5  
The effect of confinement has been well-researched and is now well understood, 
including a threshold below which continuum fluid mechanics no longer applies,6 the 
presence of slip, i.e. low resistance to liquid flow,7 and how both are affected by the 
curvature of the tube.8 
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The picture regarding the effect of physico-chemical interactions on flow is less clear: 
While flow enhancement is generally attributed to the ‘hydrophobic nature’ of carbon, 
the contact angle of water on pristine graphite surfaces is just below 90 degrees,3 a 
key aspect explaining why water naturally imbibes into CNTs.9-10 Furthermore, water 
flow enhancement has been shown to occur – to varying degrees – in materials much 
more ‘hydrophilic’ than carbon (i.e. with lower water contact angle),11 for example 
silicon carbide.12 While the above results have been obtained via molecular dynamics 
(MD) alone, modest flow enhancement has also been observed experimentally in 
silica,13 and alumina14 nanochannels and in turbostratic carbon nanotube 
membranes.15 To further complicate the picture, recent experiments showed little to 
no water flow enhancement in boron nitride tubes (BNNTs),8 a material that has a 
very similar water contact angle to graphite,16 while MD simulations of water flow in 
BNNTs showed significant enhancement, though still less than CNTs.17 It has long 
been hypothesised, via simulations, that hydrophilic nanochannels or nanotubes, with 
either larger surface-liquid energy,18 or/and surface polarity,19 have the effect of 
decreasing flow, resulting in small20 or zero hydrodynamic slip length.21 MD studies 
imposing more hydrophilic potentials (e.g. that of silicon) on the sp2 carbon structure 
showed a drastic decrease of the water flow rate.22 Furthermore, MD simulations have 
also shown that creating defects in the carbon structure (i.e. missing carbon atoms) 
leads to a decrease in flow rates,23 as did the addition of functional groups on the 
wall’s surface.24-25 In all these instances, however, it is difficult to separate the effect 
on flow arising from changes in the structure (e.g. defects, roughness) from those 
occurring in the surface chemistry (e.g. presence of functional groups) of the nanotube 
wall materials.  
Several theoretical models have been developed to explain these effects,7, 19 with most 
focusing on the slip length, 𝐿!, as defined in the Hagen-Poiseuille equation with 
Navier slip at the nanotube walls: 
where 𝛥𝑃  is the applied pressure, 𝜇 is the fluid viscosity, and 𝑞 is the volume flow 
rate through one nanotube of diameter 𝐷 and length 𝐿. It should be noted that while 
the above equation is strictly valid only for continuum transport (i.e. when no 
confinement occurs) it has also been used to provide insight into non-continuum 
transport phenomena.26-27 The ratio of Eq. (1) to the no-slip case yields the flow 
enhancement:  
Equation (1) can be transposed to a membrane (i.e. a structure containing a large 
number of aligned nanotubes) if the tubes’ size distribution and membrane porosity 
are known.15 Under the assumption that all 𝑛 nanotubes in the membrane have a 
narrow size distribution, one obtains the following expression for the permeance, 𝐾, 
which is of relevance to membrane scientists: 
𝑞 = 𝜋𝐷!𝛥𝑃128  𝜇𝐿 1 + 8𝐿!𝐷 , (1) 
𝜀 =   1 + 8𝐿!𝐷 . (2) 
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where 𝐴!"! is the membrane’s area, 𝜙 is the porosity and 𝑄 = 𝑞  𝑛 is the total flow 
rate through the membrane. 
In this manuscript, the effect on water flow enhancement caused by modifying the 
surface chemistry and structure of carbon nanotubes independently, is demonstrated 
through a combination of experiments and MD. This has been achieved by fabricating 
novel carbon nitride nanotube (CNNT) membranes. Carbon nitride nanotubes have a 
similar surface structure to carbon nanotubes but with the presence of C-N bonds, 
which significantly change their surface chemistry,28 without significantly altering 
their structure (i.e. sp2 network).29 The CNNT membranes have been prepared via 
chemical vapour deposition inside anodic alumina membranes, modifying a 
previously developed pyrolisation process.30 This approach does not use the toxic 
reagents previously employed28 and, more relevant to this work, produces CNNTs 
with lower carbon to nitrogen ratios.31 This allows a direct comparison with published 
experimental data for carbon nanotube membranes produced inside anodic alumina 
membranes (AAMs).15  
The experimental and MD results presented in this work show that changes to the 
carbon nanotubes’ structure (i.e. transition from graphitic to turbostratic) and surface 
chemistry (i.e. carbon to carbon nitride) affect water flow enhancement. The approach 
proposed here allows decoupling these two effects, opening new ways to tailoring the 
nanotubes’ surface chemistry and structure for specific applications.  
Results and Discussion  
This work aims at testing the flow of pure water in carbon nitride nanotubes and, in 
conjunction with MD, assess the extent of the effect of differences in surface 
chemistry and structure on flow enhancement, when compared to carbon nanotubes. 
CNNT Membrane Synthesis: After synthesis, CNNT membranes appear yellow in 
colour (Figure S 1). The surface is clean with open pores (Figure 1a), ranging from 
11.4 ± 2.1 nm to 76.1 ± 4.7 nm in diameter, depending on the starting AAM used and 
synthesis conditions. When the AAM is partially dissolved in H3PO4, the CNNTs 
stick out from the pores, showing they are indeed hollow (Figure 1b). This can be 
observed in greater detail in the uncropped FESEM micrograph in the Supplementary 
Information (Figure S 2a).  
𝐾 = 𝑄𝛥𝑃  𝐴!"! = 𝜙𝐷!32  𝜇𝐿 1 + 8𝐿!𝐷 , (3) 
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Figure 1. FESEM micrographs of (a) a CNNT membrane surface and (b) CNNTs protruding from an 
AAM partially dissolved in H3PO4 for 45 minutes; TEM micrographs of (c) CNNTs released from the 
AAM template, and (d) showing their hollow structure. 
TEM micrographs of CNNTs released from the AAM (Figure 1c and Figure S 2b), 
also confirm tubular features (Figure S 2b) with a turbostratic structure (Figure S 2d), 
similar to that of CNT membranes produced using the same CVD process.15 This 
change in the surface chemistry with the introduction of N implies a variation in 
atomic structure and bonding, but not in the supramolecular turbostratic structure of 
the nanotubes. The CNNTs have outer tube diameters comparable to the size of the 
membrane pores. For the membrane shown in Figure S 2b, statistical image analysis 
using ImageJ showed an average AAM pore size of 37.6 ± 3.2 nm, while the average 
tube outer diameter size is 37.3 ± 5.1 nm. It is observed that a side-effect of the 
process employed to release the CNNTs from the AAM templates is that the resulting 
tubes are partially covered by the by-products of the dissolution process (Figure 1c). 
These side-effects are not present in those membranes used for flow testing as they 
were not subjected to this procedure. While the external walls of the deposited 
CNNTs had a high degree of roughness, caused by the patterning from the alumina 
template surface, the inner surface of the analysed tubes was smooth and lacked this 
same pronounced roughness (Figure S 2c).  
X-ray photoelectron spectroscopy (XPS) analysis of CNNTs reveals a C:N atomic 
ratio of 1.47 and allows identifying the percentage of pyridinic and quaternary 
nitrogen based on their binding energies at 398.9 eV and 400.6 eV respectively,32-33 as 
shown in Figure 2a. The structure of the CNNTs was compared to that of turbostratic 
CNTs prepared via a similar non-catalytic CVD process inside the pores of AAMs 
(Figure S 3).15 A well-established method was used to quantify the C=C sp2 bonding 
in the carbon structure and that of different functional groups (i.e. COH, C-O-C, 
C=O) and vacancies:34  This method allowed quantifying the percentage of defects, 
relating it to the broadening of the C1s line shape in the XPS spectra. For CNTs, 
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carbon in the graphitic sp2 form was found to account for 91.2 atomic % of the 
sample, while defects accounted for the remaining 8.6% ± 0.6%. CNNTs had a 
comparable amount of carbon defects that accounted for the 11.6% ± 1.3%. High 
resolution XPS spectra of C1s for CNNTs and CNTs with peaks identification can be 
found in Figure S 4. 
Figure 2b compares the Raman spectra of CNNTs membranes in this work and 
turbostratic CNTs membranes previously synthesized,15 showing the characteristic D- 
and G-bands. For the CNNT spectra, additional Raman bands at 700 cm-1 and 900 cm-
1 are identified as the N-breathing and bending vibrations of heterocyclic molecules 
containing the triazine ring species.35 Bands between 1200 cm-1 and 1700 cm-1 are 
attributed to the G- and D-band with disordered graphitic carbon and observable also 
in carbon-nitride materials.36  
 
Figure 2. (a) High-resolution XPS spectra of the N1s region showing the graphitic species (black line) 
and the pyridinic species (red line); (b) Raman spectra for CNNTs and CNTs. 
Molecular surface model of CNTs and CNNTs: The XPS data was used to build the 
CNT and CNNTs used in the MD simulations. An example of the MD surface for a 
(60,60) CNNT with diameter D = 8.14 nm is shown in Figure 3a. The amount of 
carbon and nitrogen atoms of the nanotube is 60% and 40%, respectively, with 
pyridinic (~13%) and quaternary (~27%) microscopic structures, obtained from the 
XPS results, randomly distributed on the surface of the tubes. Figure 3b shows the 
point charge distribution on a small section of a CNNT surface. Using charge-
equilibration calculations on these CNNT configurations, it was found that the 
nitrogen atoms are negatively charged (-0.4 e to -0.7 e), while the carbon atoms are 
positively charged when surrounded by nitrogen atoms or with zero charge in carbon-
only areas. More information about constructing the CNNTs and obtaining point 
charges, including the MD methodology, can be found in the Methods section. 
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Figure 3. (a) Molecular dynamics setup of a CNNT (showing only the inner tube of a double-wall 
CNNT) of diameter D = 8.14 nm, chirality (60,60), and length L=15.74 nm (blue atoms are nitrogen, 
and cyan atoms are carbon); (b) point charges on a representative small sample of the CNNT surface. 
Wettability Measurements: Literature reports contact angles values for turbostratic 
CNTs produced by CVD in the range between 61º and 90º,15 whereas the contact 
angles for highly graphitic CNTs have been found to be 82 - 86º.37 The contact angle 
of the CNNTs in this work was measured to be in the range 43 - 67º, after being 
adjusted for roughness with the Wenzel equation, with an average of 53º. This is  in 
agreement with results for flat films in the literature.36 These values are reported in 
Table 1. 
Permeance in CNNT Membranes: Experimental results of pure water permeance 
through CNNTs with inner diameter ranging from 11.4 ± 2.1 nm to 76.1 ± 4.7 nm 
show an expected quadratic dependence of water permeance on pore diameter 
(reported as permeance K, with units LMH @ 1 bar in Table S 1). Here though, 
results are presented as 𝐾𝐿𝜇/𝜙 !.! vs. 𝐷 to enable comparing results between 
different materials and sets of experiments. Each experimental data point is the 
average of 2 to 6 measurements on the same membrane for different transmembrane 
pressures. All the data collected for the study are reported in Figure 4. The scatter in 
the experimental data can be associated to non-evident partial cracks, imperfections in 
the starting templates or potential pore clogging.  
Background:
atomic point
 charges
+0.6
+0.4
+0.2
0
-0.2
-0.4
-0.6
(b)(a) Nitrogen atom
Carbon atom
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Figure 4. Comparison of permeance measurements between experiments (▲) and molecular dynamics 
simulations (●). The MD results are obtained by measuring flow rate in three CNNTs of different 
diameters. The dashed orange line (-) extrapolates the measurements of flow resistance R from these 
MD simulations using only the assumption that flow rate 𝑞 ~ D4, as expected in Eq.(1), while the 
straight blue line (-) uses directly Eq. (3) for flow rate derived from the H-P relationship, with slip 
length calculated from MD. Data are plotted as the square root of 𝐾𝐿𝜇/𝜙 (m) versus pore diameter D 
(nm). 
All MD simulations in this work have been constructed to be as close as possible to 
experimental conditions, including having the same surface structure and surface 
chemistry as those measured from the experiments, as well as using a realistic water 
model that models accurately the condensed phase of water (see Methods section). All 
results from these MD simulations are provided in the Supplementary Information.  
MD simulations of water flow through CNNTs show good agreement with the 
experimental data. The orange circle symbols in Figure 4 are MD simulations of water 
transport through different CNNT diameters (4 nm, 8 nm, 12 nm). Note that the scope 
of using the term 𝐾𝐿𝜇/𝜙 on the y-axis of Figure 4 is also to normalise permeance 
with  membrane geometry, thereby allowing MD simulations in single nanotubes to 
be compared directly with membrane experiments. Furthermore, as the experimental 
membranes have much larger CNNT diameters D  than what can be tractably 
simulated using MD, the solid and dashed lines in Figure 4 indicate theoretical 
predictions using input from the MD flow measurements. The solid blue line uses 
Eq.(3) with slip length (Ls < 1 nm) computed from the MD, while the dashed orange 
line assumes that the flow rate has a relationship that depends on D4, as per Eq.1. It is 
important to highlight that the MD data and predictions are independent of permeance 
or membrane parameters (such as length or porosity) measured in the experiments; i.e. 
solid and dashed lines in Figure 4 are not fits of the experimental data points. MD 
simulations also confirmed that nanotube end losses are negligible for these 
membrane thicknesses, and so do not need to be incorporated in Eq.(3).38   
The comparison between experimental and the independent MD predictions (solid 
blue line) shows coefficients of correlation of 0.63. This indicates a strong 
8 
relationship between MD results and experimental data, while p-values lower than 
0.05 (1 × 10-5 for CNNTs) indicate a very significant prediction, where changes in the 
predictor’s value are strongly related to changes in the response value.39 This serves 
as further validation of the usefulness of this MD model for the description of flow in 
nanosized channels. The same process was repeated for the turbostratic CNT 
membranes previously published,15 with correlation of 0.88 between MD and 
experimental data and p-value of 2 × 10-22 (Figure S 6). The very good correlation 
between experimental and MD data, allows to go a step further and compare the 
permeance of graphitic and turbostratic CNTs with CNNTs (Figure 5). As 
experimental data for graphitic CNT membranes (i.e. pristine rolled graphene sheets) 
are rare, especially for these large diameters, in Figure 5 predictions using Eq. (3) are 
plotted, with slip length derived from MD simulations of flow through CNTs. 
 
Figure 5. Comparison of permeance, Eq.(3), using slip lengths derived from MD simulations (see Table 
1) plotted as the square root of 𝐾𝐿𝜇  /  𝜙   (m) versus pore diameter D (nm). 
The comparison clearly shows a decrease in water permeance from the graphitic to 
the turbostratic CNTs and a further decrease for water permeating through CNNTs 
with the same diameter. The reduction in permeance between graphitic and 
turbostratic CNTs is attributed to a change in the sp2 surface structure of the carbon 
nanotubes,22-23 i.e. a decrease in graphitization, already measured in the turbostratic 
tubes37 and higher surface wettability. In order to match this less organised structure, 
the CNT used in the present MD simulations had a degree of defects set to match the 
XPS results and surface/liquid potentials calibrated from sessile droplet experiments.  
On the other hand, the transition in Figure 5 from turbostratic CNT to CNNT, is 
attributed primarily to a change in the surface chemistry due to the hydrophilising 
effect on the sp2 carbon structure induced by the C-N bond. This is the first 
experimental observation of what postulated by previous MD work where a 
dependence of water permeance on an artificially imposed degree of hydrophobicity 
of the CNT structure was observed.18, 40 
The MD simulations also show that the presence of the C-N bonds dramatically 
changes the surface/liquid interfacial energy landscape of the CNNTs, compared to a 
pristine CNT.  Inspecting the water ordering near the CNNTs from the radial density 
distribution measurements of water, reveals that the triazine rings act as local 
‘potential energy wells’ (Figure 6a for oxygen atoms). These wells - indicated by the 
small blue peak near the walls of the CNNT in the figure - force the water molecules 
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to flow radially outwards in the cross-section of the nanotube by ~ 0.1 nm (almost one 
molecular diameter) more than when those rings are not present, such as for the 
pristine CNTs, which have a smoother potential energy landscape. This small 
molecular roughness induced by the triazine rings on the flow affects the local solid-
liquid friction, and brings the local slip at the wall close to zero. The presence of three 
levels of flow roughness at the wall surface suggests the presence of a mixed slip 
system, with high slip near smooth graphitic patches on the surface, no-slip near the 
triazine rings (or any hydroxylated areas in the experiments), and somewhere in 
between near the C-N quaternary structures; the net effect is dominated by the lowest 
slip regions and their concentration over the entirety of the nanotube. In the case of 
CNNTs, the triazine rings and quaternary structures dominate the overall structure, 
leading to a drop in the overall slip length to below 1 nm. Figure 6b shows the MD 
results for radial velocity profiles in pristine CNT, turbostratic CNTs and CNNTs, 
indicating the calculated slip length, Ls, values for the three cases. The Hagen-
Poiseuille flow Eq.(1) with MD-derived slip length is also shown, indicating 
reasonably good predictions for all cases. 
 
 
Figure 6. Radial profile measurements from the MD simulations of nanotube diameter D = 4.071 nm 
for (a) density, (b) velocity, (c) viscosity and (d) self-diffusivity, inside pristine CNTs (red), 
turbostratic CNTs, (black) and CNNTs (blue). In (a) oxygen atoms are only considered; similar results 
are obtained for the hydrogen atoms in the water molecule. In (b) comparisons are made with the 
Hagen-Poiseuille (H-P) flow Eq.(1) using dashed lines; applied pressure gradients in the MD are 1.15 × 
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1014 Pa/m, 2.35 × 1014 Pa/m and, 1.32 × 1014 Pa/m for the pristine CNT, turbostratic CNT and CNNT, 
respectively.  
A comparison of radial viscosity and self-diffusivity from the MD simulations also 
revealed an increased attraction of water near the surface of a CNNT, when compared 
to pristine and turbostratic CNTs, as shown in Figure 6c and Figure 6d, respectively. 
The water in the CNNT experiences an increased viscosity and a drop in self-
diffusivity very close to the surface, whereas in the CNTs it retains the same values 
for viscosity and self-diffusivity near the surface as those in the bulk.41 It is noted here 
that the measurements for bulk self-diffusivity are similar to those published for water 
on graphene in previous MD simulations (Ds  = 2.6 x 10-9 m2/s). This means that for 
CNNTs, the hydrophilisation caused by the nitrogen on the tube’s surface, i.e. the 
increased surface/water potential energy (including the effect of partial charges) and 
also the increased levels of flow roughness near the surface, are causing the drop in 
transport of the water molecules near the surface.  
Although the results clearly show that tube surface chemistry and structure do affect 
permeance, quantifying these effects is necessary to learn how to tailor the tubes’ 
structure and chemistry for specific transport applications. The potential energy 
between the surface and the fluid is an obvious quantity to achieve this goal, as it can 
be directly obtained from the MD data. However, the challenge is that while CNTs 
have just one interatomic potential between solid and water, with CNNTs there are 
now two potentials (oxygen-carbon and oxygen-nitrogen) to consider, making it 
difficult to decouple the effect of each component. The authors have previously 
proposed a model to interpret the effect of solid-liquid interactions on flow which 
uses the concept of work of adhesion WA, defined as the amount of work needed to 
detach the liquid from the solid and create two new interfaces. 42  This quantity allows 
measuring the overall attraction, inclusive of both surface structuring (i.e. physical 
roughness) and chemistry (i.e. energy roughness). The values for WA, which have 
been obtained from the MD simulations in this work as a sum of potential energy over 
a unit area, are reported in Table 1. Values for pristine and turbostratic CNTs are in 
good agreement with experimental data previously reported,7 giving further 
confidence about the value calculated here for CNNTs. Results in Table 1 clearly 
show an increase in the work of adhesion from pristine to turbostratic CNTs to 
CNNTs, in an inverse trend to contact angle. As 𝑊! = 𝜋! + 𝛾(1+ 𝑐𝑜𝑠𝜃),42 this is not 
surprising. It should be noted, however, that the film pressure term, 𝜋!, can be 
comparable in value to the surface tension for some materials including carbon,42 and, 
hence, cannot be ignored.7 Therefore, the work of adhesion can effectively link the 
properties of the tubes’ wall to permeance of a fluid through it.  This is a superior 
approach to using the contact angle for the same purpose as, in fact, there is no 
contact angle in a tube full of liquid (as the third and necessary phase – air – is 
missing). In Table 1, the values for the slip length, Ls, calculated from MD are also 
reported. Similarly to the work of adhesion values, those obtained for the pristine and 
turbostratic CNTs are in agreement with literature values of 98 × 10-3 and 144 × 10-3 J 
m-2, respectively.7, 17 
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Table 1. Measured experimental and molecular dynamics data; Left: contact angles measured 
experimentally; Right: MD measurements for work of adhesion, slip length and the ratio of surface-
diffusivity to work of adhesion. 
Material 
Contact angle 
(°) 
reference 
WA  
(J m-2) 
Ls  
(nm) 
Ds/WA  
(m3 m-2 s-1 Pa-1) 
Graphitic CNTs 82 - 86 37 105 ×10-3 53 2.5 × 10-8 
Turbostratic CNTs 61 - 90 15 137 × 10-3 9.7 1.9 × 10-8 
CNNTs 43 - 67 [this work] 175 × 10-3 < 1 (0.2-1.0) × 10-8 
 
By comparing the values for WA  and Ls, a similar inverse relationship is observed, 
with the more hydrophilic materials, i.e. those having the strongest interaction with 
water, resulting in the smallest slip length. All of these results point to a relationship 
between the nanotube wall physico-chemical material properties, the strength of the 
interaction between the tube wall and the liquid flowing through it, the 
hydrodynamics of the flow, i.e. the slip length, Ls, and the permeance, K. The authors 
have previously proposed on a model linking all of these properties,7 which can be 
summarised in the two equations below: 
 
where 𝐾!" is the no-slip permeance (derived from Eq.3 when Ls=0), 𝐾!"# is the 
permeance calculated from experimental data, and 𝐷! is the surface diffusion arising 
from the chemical potential gradient present in pressure-driven flow. Eq.(5) is derived 
from first principles by replacing the Hagen-Poiseuille term and an expression linking 
Ls to 𝐷!/𝑊!.7 The last column in Table 1 reports the value for the 𝐷!/𝑊! term 
obtained from MD data for the three materials investigated and Figure S 10 shows 
how Eq.(5) well compares with the experimental data for the CNNTs. A similar good 
agreement has already been shown with experimental data for turbostratic CNT 
membranes,15 and with MD simulations of SiCNT and BNNT nanotubes.17 Here, the 
approach of the model in Eq.(5) is further validated, representing a direct relation 
between permeance and solid-liquid interactions for a membrane of fixed porosity and 
nanotube material. This model can therefore be used to the design of aligned nanotube 
membranes that are tailored for specific applications, by controlling the transport of 
selected liquids using chemistry and structural changes inside the nanotubes.  
Conclusion 
Carbon nitride nanotubes were deposited in anodic alumina membranes using a non-
catalytic synthesis method and the type of C-N bonds formed were characterized. 
𝜀 = 1 + 8 𝐿!𝐷 = 𝐾!"#𝐾!"  (4) 𝐾!"# ≈ 𝜙 𝐷!𝑊! (5) 
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Pure water permeance measurements through CNNT membranes were compared to 
results obtained for CNTs in previous experimental work,15 which similarly used an 
AAM support with uniform and parallel nanopores, and with MD simulations. The 
latter were conducted on nanotube models built as a faithful reproduction of the 
structure of the synthesised materials, using the information gathered by their 
characterisation and wettability. This approach goes beyond traditional MD 
simulations conducted on perfect nanotubes (e.g. pristine CNTs).  
Both experiments and MD simulations showed that the presence of the C-N bonds 
hydrophilises the sp2 carbon structure of the nanotubes, resulting in a decrease of the 
pure water permeance compared to pristine and turbostratic carbon nanotube 
membranes.  These results are explained in terms of the strength of the solid-liquid 
interactions occurring at the tubes’ walls, with the water at the CNNT walls showing 
increased water viscosity and decreased surface diffusion compared to CNTs. The 
combination of experiments and MD simulations presented here has allowed, for the 
first time, to decouple the effect of nanotube wall structure and surface chemistry on 
the flow of water through a nanotube membrane. The model and results presented in 
this paper offer membrane scientists a unique capability to design novel membranes 
and separation processes by way of controlling the permeance within nanotube 
membranes through membrane surface chemistry and structural changes to the 
nanotubes. 
Methods 
Synthesis of CNNTs membranes: The commercial symmetric AAMs used in this 
work were purchased from Smartmembranes and Synkera and had diameters ranging 
from 18 nm to 100 nm. Prior to CNNTs synthesis, all AAMs underwent a 1 hour 
annealing process at 30 ºC higher than the final synthesis temperature to increase their 
thermal resistance. The desired temperature was reached with a 1ºC/min ramp rate 
and the annealing was followed by natural cooling down. 
CNNTs were deposited using non-catalytic chemical vapour deposition (CVD) in the 
pores of the AAMs using a melamine precursor (≥ 99% purity, purchased from Sigma 
Aldrich). The synthesis was carried out for 5 hours under a 200 sccm argon (Ar) flow 
in a quartz tube (ID 20 mm, OD 22 mm) heated up in the central section of a 
horizontal TZF 12/38/850 type CARBOLITE tubular furnace. Temperatures inside 
the furnace were monitored by external thermocouples. Gas flows were controlled 
with Omega FMAb5400A/5500A series mass flow controllers (MFCs) regulated by a 
LabVIEW program. Once the synthesis temperature of 520 ºC with a ramp rate of 10 
ºC/min was reached, the melamine precursor was sublimated at 280 ºC in the first 
section of the tubular furnace. At completion of the synthesis, the system was left to 
cool naturally under Ar flow, and the sublimation of melamine was stopped by 
switching off the heating in the first section of the furnace. After synthesis, the 
CNNTs membranes were gently rinsed with deionised (DI) water.  
The dissolution of the alumina templates of the CNNTs membranes was performed by 
reflux of H3PO4 (85 wt% in water, purchased from Sigma Aldrich) at 80ºC. 
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Synthesis of CNTs membranes: CNTs membranes used for the XPS analysis were 
prepared by CVD following the approach of Mattia et al.15 The AAMs were pre-
annealed at 900 ºC, which was reached with a ramp rate of 1 ºC/min. The membranes 
were then placed in the central zone of a tubular reactor, and heated to 670 ºC at 1 
ºC/min in argon atmosphere. Once the maximum temperature was reached, the feed 
was switched to 3:7 ethylene:argon (120 sccm total) and was maintained in these 
conditions for 4 hours. After synthesis, the membranes were left to cool naturally 
under a gentle argon flow. The successful synthesis of the CNTs membranes lead to 
the synthesis of the nanotubes shown in Figure S 3.  
Characterisation of CNNTs membranes: The produced membranes were fractured 
in small pieces, coated with 5 nm of chromium and positioned on carbon tape for 
analysis with a JEOL JSM-6301F FESEM. High magnification (> 90,000) FESEM 
images were taken with a Zeiss Sigma HD Field Emission Gun Analytical SEM 
(ASEM). The inner diameters of the tubes were calculated via statistical image 
analysis of FESEM micrographs using ImageJ by multiplying the obtained Feret’s 
diameters by the circularity of the pores.15  
JEOL JSM-2100Plus TEM samples were prepared following a similar procedure, 
finely grinding the membrane in an agate mortar prior to 1 hour and 20 minutes of 
dissolution in 1M NaOH. Each sample was then washed with vacuum filtration with a 
Nylon membrane (Pall Corporation) with 3 litres of water per AAM, suspended in 5 
ml DI water and ultrasonicated in a VWR Ultrasonic Cleaner USC-T for 30 min. Two 
to five drops of the sample were then placed on a TEM window (Lacey carbon 
purchased from EM Resolutions) until a desirable concentration was reached. 
Analysis of structural features with ImageJ was done on a minimum of 10 
measurements. 
Contact angle measurements were obtained from sessile water droplets on carbon 
nitride deposited on alumina discs via the same synthesis method described for the 
deposition inside the AAMs. DI water was used as solvent for the sessile droplet 
method in air at 20 ºC with 2.5 µl droplets. Images of the drop were obtained using a 
Dataphysics Optical Contact Angle (OCA) Measuring Device each minute for 10 
minutes per measurement. The accuracy of the machine is ± 2º. The Young contact 
angle (𝜃!) on a flat smooth surface is related to the measured contact angle (𝜃!) using 
the Wenzel model:43 𝑐𝑜𝑠𝜃! = 𝑟  𝑐𝑜𝑠𝜃! , (6) 
where 𝑟 is the ratio between the coated alumina disc surface area and the projected 
area, obtained by Atomic Force Microscope (AFM) Nanosurf easyScan 2 Flex.  
Raman spectroscopy was performed on the as-produced CNNT membrane with UV 
light (wavelength 325 cm-1) in a Renishaw InVia confocal Raman Microscope. 
XPS was performed on powdered samples using a Thermo Fisher Scientific K-alpha+ 
spectrometer.  Samples were analysed using a micro-focused monochromatic Al x-ray 
source (72 W) over an area of approximately 400 microns.  Data was recorded at pass 
energies of 150 eV for survey scans and 40 eV for high resolution scan with 1 eV and 
0.1 eV step sizes respectively.  Charge neutralisation of the sample was achieved 
using a combination of both low energy electrons and argon ions. Data analysis was 
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performed in CasaXPS using a Shirley type background and Scofield cross sections, 
with an energy dependence of -0.6. 
Permeation measurements: Pure water permeation tests took place in a horizontal 
dead-end filtration setup (as shown in the schematic in Figure 7 with 13 mm diameter 
stainless steel membrane holders with a 4 mm, 5 mm or 10 mm inner diameter 
effective area. The membrane holder was connected to a fluid flow measurement 
apparatus acquiring data via a Labview program. Pressure transducers P1 and P2 in 
Figure 7 (Swagelok industrial standard, 5kPa error) recorded the transmembrane 
pressure. A thermocouple (Omega, Type T) recorded the temperature. Ultrapure water 
(Veolia, 18.2 ΩM at 25 ºC) in a stainless steel syringe was driven by a pump (Nexus 
6000) with a controllable flow rate. The rig was degassed with two valves positioned 
before and after the membrane holder (V1 and V2 in Figure 7). Each CNNT 
membrane was tested for at least one hour at stable transmembrane pressure. The 
water permeate was collected in a beaker pre-filled with a layer of silicone oil on a 
weighting scale (Mettler Toledo, MS304S/01, 0.1 mg sensitivity).  
For each membrane, the permeance 𝐾 was calculated as an average of four 
measurements at different syringe flow rates, employing the first equality introduced 
in Eq. (3).  
 
 
Figure 7. Schematic of the pressure-driven fluid flow measurement rig. 
 
Computational Methodology: The LAMMPS platform44 was used to perform high-
fidelity molecular dynamics (MD) simulations of water flows through double-wall 
CNNTs. An example of an empty inner CNNT was given in Figure 3a, and a side 
view of a double-wall CNNT filled with water molecules is shown in Figure 8a. As a 
means of comparing MD flow results with previous experiments, we also simulate as 
benchmark cases flow through pristine double-wall CNTs (Figure 8b) and CNTs with 
8.8% defects.  
MD solves Newton’s equations of motion for a system of molecules, which move 
deterministically in time and space, and interact together via potential energy 
functions; in this work we use the pair-wise Lennard-Jones (LJ) and electrostatic 
Coulombic potentials for all atoms in the flow simulations:  
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𝑈!" = 4𝜖!"    𝜎!"𝑟!" !" − 𝜎!"𝑟!" !       +    14𝜋𝜖! 𝑞!𝑞!   𝑟!" , (7) 
where 𝜖!"is the van der Waals interaction energy between a pair of interacting atoms 
(𝑖, 𝑗), 𝜎!" is the characteristic length scale, 𝑟!" is the distance between the atoms, 𝑞! is 
the charge on one atom, and 𝜖! is the vacuum permittivity.  
The TIP4P/2005 model45 along with the SHAKE algorithm is used for modelling 
water molecules, which consist of two hydrogen (H) atoms (0.5564 e), one LJ oxygen 
(O) atom and one massless (M) site (-1.1128 e). The PPPM method is used to 
evaluate all long-range Columbic interactions, while all short-range LJ interactions 
are shifted and truncated by a cut-off of 1.3 nm. An NVT MD ensemble is used in all 
flow cases, with an integration time-step of 2 fs. 
In order to get the surface structure and chemistry in the MD simulation as close as 
possible to the experiment CNNTs, the surface was constructed with the same C:N 
(60:40) and pyridinic:quaternary (13:27 of N) ratios as the experiments. The CNNT is 
constructed by initially considering a CNT of known radius and chirality. Nitrogen 
atoms replace carbon atoms on the CNT in a spatially alternating pattern (i.e. 
quaternary sites initially occupying the full nanotube) that gives a ratio of 50:50 C:N. 
Pyridinic rings in various templates (sizes and orientations) are then generated, with 
number calculated from the above pyridinic:quaternary ratio, and are distributed 
randomly across the surface, avoiding overlap. The final step is then to bring down 
the amount of nitrogen atoms and quaternary sites by replacing nitrogen atoms with 
carbon atoms until 60% C is achieved in the nanotube; this process is performed 
randomly, and applied only in quaternary-dominated regions away from the pyridinic 
sites.  
The wall atoms are equilibrated before being filled with water, using the reactive 
force field: ReaxFF,46 which has the benefit of providing an equilibrated nanotube 
structure, and the unknown charges on all wall atoms using the charge equilibration 
technique.47 In these pre-simulations, the total charge on the tubes was always zero. A 
timestep of 0.25 fs is only used for these LAMMPS pre-calculations. A sample of the 
CNNT CNT
(a) (b)
Figure 8. Cross-section of a MD simulation through (a) a CNNT and (b) a pristine CNT. The atoms are 
identified by the following colours: red = oxygen; white = hydrogen; cyan = carbon; blue = nitrogen. 
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point charges on the CNNT surface was shown in Figure 3b. The wall atoms are then 
kept rigid for the water flow simulations that follow. 
The remaining LJ potential parameters between the wall atoms and the water 
molecules were then obtained by calibration studies with our experiments. In the 
water-CNNT simulations, the oxygen-carbon potential parameters 𝜖!"  = 0.102 
Kcal/mol and 𝜎!" = 3.19 Å were already obtained from previous MD simulations48 of 
water droplets on graphite surfaces, calibrated from an experimental contact angle of 
86º,49 and are used also for the CNNT in this work. We fix these oxygen-carbon 
parameters, and determine the missing nitrogen-oxygen parameters by calibrating a 
sessile nanodroplet using the experimental contact angle of 53º measured in this work. 
To do this, we construct a double-layered sheet of carbon-nitride, with similar 
structures as the CNNT and equilibrate a water droplet of 17.5k water molecules at 
298 K on the surface as shown in Figure 9a. The size of the droplet was chosen large 
enough to be much bigger than the lengthscale of the biggest pyridinic structure on 
the surface, as well as to minimise line-tension effects. The length scale parameter for 
oxygen-nitrogen interaction was fixed and calculated from the Lorentz-Berthelot 
mixing rules, to be 𝜎!" = 3.234 Å. In each simulation, the oxygen-nitrogen energy 
parameter  𝜖!" is varied, and the equilibrium contact angle was measured as 
demonstrated in Figure 9b. From results in Figure 9 the energy parameter 𝜖!" = 
0.1304 Kcal/mol is chosen to match the experimental 53º contact angle. These LJ 
parameters are then fixed for future flow simulations through the CNNTs. 
 
Figure 9. (a) MD case of a water droplet on a carbon nitride surface used for calibrating the Lennard-
Jones energy parameter; (b) a density contour plot demonstrating how the contact angle is measured 
from the steady-state solution; (c) results of different MD simulations with varying 𝜖!". 
In the water-CNT simulations we use the same oxygen-carbon potential parameters as 
above, i.e. 𝜖!"  = 0.102 Kcal/mol and 𝜎!" = 3.19 Å. For the turbostratic CNTs, 
however, we have modified the surface chemistry to contain ~8.8% point defects that 
matches the experiments, and recalibrated the oxygen-carbon potential parameters 
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using the same method as described above now with a target experimental contact 
angle of 61º, obtained as the lowest value from previous experimental data (see Table 
1), 15  giving: 𝜖!"  = 0.1162 Kcal/mol and 𝜎!" = 3.19 Å. 
All nanotubes are filled with water at a target density of ~1000 kg/m3, and allowed to 
equilibrate at 298 K using a Berendsen thermostat. The main simulation then 
consisted of applying a body force 𝐹! = 𝛥𝑝  /𝜌!𝐿 (in the x-direction) to all water 
molecules, where 𝜌𝑛 is the number density, and 𝛥𝑝  /𝐿 is the pressure gradient. The 
length of the nanotubes were all fixed at 𝐿 = 15.74 nm. The steady-state average mass 
flow rate was measured using 𝑚 = 𝑚!/𝐿 𝑣!,!!    over ~10 ns of MD simulation 
time, where 𝑣!,! is the x-component velocity of a water molecule of mass 𝑚! =2.99e-
26 kg.  
The nanotube flow resistance per unit length 𝑅 was calculated using the linear flow 
relationship between pressure gradient and mass flow rate, i.e. 𝛥𝑝/𝐿 =   𝑅 𝑚 , which 
is obtained by inspection of Eq.(1), and then used to calculate the slip length for a 
particular nanotube (geometry and surface chemistry) by rearranging Eq.(1) as 
follows: 
𝐿! = 128  𝜇𝑅  𝜌𝜋𝐷! − 1 𝐷8 ,   (8) 
where 𝐷 is the nanotube diameter, 𝜇 is the viscosity, and 𝜌 is the mass density. The 
full-membrane permeance can be predicted by the theoretical model in Eq.(3), where 
all terms are known from the experiments, except the slip length 𝐿!, which is 
calculated from the MD simulations, using Eq.(8). Note that Eq. (1) only includes 
Poiseuille pressure losses (i.e. due to the flow in the nanotube). However, 
entrance/exit pressure losses can be included in this equation50-51 when the following 
constraint is true:38  
𝐿 > 3𝜋𝐷16  𝜖 1 + 8𝐿!𝐷 ,   (9) 
where  ϵ = 0.01 is the error in the prediction. For example a typical experiment CNNT 
membrane carried out in this work has Ls < 1 nm, D = 80 nm and L = 50  𝜇m; the RHS 
of Eq.(9) is ~5 𝜇m. This means that CNNT membranes with nanotubes smaller than 5 𝜇m require end losses to be incorporated in the flow prediction model of Eq. (1). As 
our membranes thicknesses (which correspond to L) are 10 times larger, we ignore 
end losses from our theoretical analysis. 
The work of adhesion, viscosity and self-diffusion coefficient were obtained from 
equilibrium MD simulations of the D = 4 nm cases, but which contain no pressure-
gradient forcing and so, no flow. The work of adhesion was computed by summing all 
potential energy interactions between wall and water molecules only, using Eq.(4), 
and then dividing over the wetted area of the nanotube (𝜋𝐷  𝐿). The viscosity, 𝜇 and 
the self-diffusion coefficient, 𝐷! were then calculated using the Stokes-Einstein and 
Green-Kubo expressions, respectively,26 in radial bins: 
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𝜇 = !!!!  !"!!, (10) 
𝐷! = !! 𝑣!,!   𝑡 ⋅ 𝑣!,!   𝑡 + 𝑡!!!!! 𝑑𝑡!!! , (11) 
where 𝑇 is the fluid temperature, 𝑘!is Boltzmann’s constant,  𝛼 = 1.7 Å is the 
effective hydrodynamic diameter of one water molecule, N are the number of 
molecules in the bins and 𝑣!,!   is the streamwise velocity of the ith  water molecule.  
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